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Abstract
The complete DNA sequence of a new lytic T7-like bacteriophage KMV is presented. It is the first genome sequence of a member of
the Podoviridae that infects Pseudomonas aeruginosa. The linear G C-rich (62.3%) double-stranded DNA genome of 42,519 bp has direct
terminal repeats of 414 bp and contains 48 open reading frames that are all transcribed from the same strand. Despite absence of homology
at the DNA level, 11 of the 48 KMV-encoded putative proteins show sequence similarity to known T7-type phage proteins. Eighteen open
reading frame products have been assigned, including an RNA polymerase, proteins involved in DNA replication, as well as structural,
phage maturation, and lysis proteins. Surprisingly, the major capsid protein completely lacks sequence homology to any known protein.
Also, the strong virulence toward many clinical P. aeruginosa isolates and a short replication time make KMV attractive for phage therapy
or a potential source for antimicrobial proteins.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The Escherichia coli lytic phage T7 is the major repre-
sentative of the Podoviridae, a family consisting of short-
tailed phages with an icosahedral capsid of 60 nm in diam-
eter and a relatively small genome of about 40 kbp dsDNA.
To date, 16 members of the Podoviridae have been se-
quenced, 6 of which are T7-like (Table 1).
Detailed studies on T7 focusing on replication, regula-
tion of gene expression (Garcia and Molineux, 1995), and
phage assembly (Dunn and Studier, 1983; Cerritelli and
Studier, 1996; Valpuesta and Carrascosa, 1994) provided
several milestones in molecular biology. On a larger scale,
this member of the Podoviridae helped to gain insight into
virus evolution and is perceived as the archetype of the
phylogenetically related T7-like phages.
Bacteriophage genomes in general also provided basic
insight into fundamental concepts of virology and have
been a source of many biotechnological applications.
Since genomic research has focused mainly on E. coli
bacteriophages, the expansion to phages of other hosts
like Pseudomonas aeruginosa is essential to the key
questions regarding phage development and evolutionary
processes.
We present the genome of the new T7-like lytic KMV
phage of P. aeruginosa, which was isolated recently (un-
published data). Based on the analysis of the genome struc-
ture and phage morphology (Fig. 1), KMV is clearly a
representative of the Podoviridae family.
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The ability of this phage to infect several clinical isolates
of P. aeruginosa became the main reason for further anal-
ysis of the KMV genome from a practical point of view.
Since the manifestation of antibiotics resistance in certain
clinical Pseudomonads, the growing concern for the preva-
lence of P. aeruginosa as the causative agent in many
human diseases has led to the suggestion to use a phage-
mediated therapy (Krylov, 2001; Giamarellou, 2000). A
demand for potent, strongly lytic, well-characterized phages
for these kinds of phage and bacteriocin therapy studies is
growing steadily.
From an evolutionary point of view, the KMV genome
provides the possibility to study the genetic structure over
host boundaries, previously limited to E. coli (T7 and T3)
(Dunn and Studier, 1983) (Pajunen et al., 2002), Yersinia
enterolitica (Ye03-12) (Pajunen et al., 2001), Roseobacter
(SIO1) (Rohwer et al., 2000), and Vibrio parahaemolyticus
(VpV262). The expansion to P. aeruginosa can thus provide
valuable insight into the ancestry of the Podoviridae
dsDNA phages and their evolution pathways.
Results and discussion
Determination of the DNA sequence
Genome sequencing of KMV was initiated by a limited
shotgun approach, followed by extensive primer walking as
described in Materials and Methods. Sequences were as-
sembled into a circular, single contig of 42,105 bp. How-
ever, restriction analysis showed that the genome is a linear
molecule and has rather long terminal repeats. The precise
length of the repeat was determined by using direct se-
quencing on genomic DNA with outward pointing primers,
located outside the alleged repeat region. As expected, se-
quence chromatograms came to a full stop at the end points,
identifying the terminal repeats as long identical regions of
414 bp. Hence, the KMV repeats are relatively long when
compared to other T7-type phages (Table 1).
General properties of the KMV genome
G  C content
The KMV genome has an average G  C content of
62.3%, a value significantly higher than previously ob-
served for P. aeruginosa infecting phages such as KZ
(36.8%) (Mesyanzhinov et al., 2002) and the temperate
phage D3 (50%) (Kropinski, 2000). This G  C content
resembles the percentage of the smaller phage CTX
(62.6%) (Nakayama et al., 1999) and is quite close to the
65% of the host genome (Stover et al., 2000).
Identification of the KMV genes
Open reading frames (ORFs) equal or longer than 150 bp
were defined as potential genes. Predictions using the
GeneMark and Glimmer programs revealed several signif-
icant differences. Additional information based on correla-
tion scores, codon usage, and presence of a Shine-Dalgarno
ribosome-binding sequence in front of the initiation codon
(AUG or GUG) were taken into account before concluding
the ORF predictions. Remarkably, nucleotide homology
searches yielded no hits, even at the lowest relevant search
parameter stringencies.
As shown in Table 2 and Fig. 2, we predict a total of 48
putative genes, all of which contain a Shine-Dalgarno motif.
Table 1
Survey of T7-like Podoviridae with known genome sequencea
Phage name Accession number Size (bp) %GC TR length Host
YeO3-12 NC_001271 39600 50.6 232 Yersinia enterocolitica (s 0:3)
T3 NC_003298 38208 49.9 231 Escherichia coli
T7 NC_001604 39937 48.4 160 Escherichia coli
SIO1 NC_002519 39898 46.2 NDb Roseobacter
VpV262 NC_003907 45874 49.5 138 Vibrio parahaemolyticus
KMV AJ505558 42519 62.3 414 Pseudomonas aeruginosa
a The length of the terminal repeat regions (TR) is given, if known.
b Not determined.
Fig. 1. Electron microscopy image of KMV. Phage particles were neg-
atively stained with 1% uranylacetate, showing the phage to be a short-
tailed, T7-like phage with a icosahedral capsid of about 60 nm in diameter.
Scale bar 100 nm.
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Table 2
Features of bacteriophage KMV open reading frames (ORFs), gene products, and functional assignmenta
ORF
no._start-stop
Shine-Dalgarno Start Stop Total
GC%
3rd
GC%
Length
(aa)
pI Tool Characteristics Bits Expect
1_1746–2030 ACCTAGTGAGGATTGCCGATG . . .TAA 57,2 67,4 94 10.3
2_2030–2257 GCAAGGGAAGGGTTTGTAATG . . .TGA 61,8 67,1 75 11.0
3_2268–2801 CCATCTGAGGTACATACCATG . . .TAG 58,1 78,1 177 8.6
4_2805–3173 ACAAGCGAGAACTAGACCATG . . .TGA 61,0 72,4 122 5.7
5_3160–3387 TTGCAGGAACCTCGTACCATG . . .TGA 61,4 78,9 75 9.4
6_3434–3745 AGGCGGCTGTGCCTTCGTGTG . . .TGA 59,0 64,4 103 5.5
7_3745–4032 CGTAAAGGAGGGGTGGTGATG . . .TGA 59,7 66,7 95 8.0
8_4029–4265 AATTCAAGGGTACGAACAATG . . .TAA 60,8 78,5 78 8.3
9_4281–4574 TAACCTACCGGAGGTAACATG . . .TGA 65,6 77,6 97 9.5
10_4653–5072 CAACTGAGGAGCTACAACATG . . .TAA 64,0 85,0 139 5.4
11_5141–5500 ACCATAGGAGGAATCACCATG . . .TGA 63,6 75,0 119 7.9
12_5503–6312 GCTGGCAGGAGTCTGACCATG . . .TAA 64,1 79,6 269 9.5 pfam DNA binding domain [T7]
13_6582–7124 AGTTGAGGGAGATCGAAGATG . . .TGA 63,0 78,5 180 6.0
14_7310–8134 GTGGGAGGAATGGTACCAATG . . .TGA 60,7 72,4 274 8.8
15_8178–9371 AGTGTGGTGCCTGAAGGGATG . . .TAA 61,2 80,9 397 5.3 pfam DNA-B like helicase (PS00017)
16_9361–9978 TCTTTGAGAGTGTAGACCATG . . .TGA 62,0 75,7 205 5.1
17_9978–10925 CGGATGGGAGAACGTGTGATG . . .TGA 63,4 84,2 315 9.2 blastp (V01146) gene 1.3, DNA ligase [T7] 91 1,E-17
pfam ATP-dependent DNA ligase
interpro (PS00697; PF01068)
18_10922–11257 TAACCCAGGAGTCAAAGTATG . . .TGA 58,6 76,8 111 7.0
19_11254–13677 GAGCAACTGGTACAGCAAATG . . .TGA 61,8 85,6 807 5.7 pfam DNA directed DNA pol A [T7]
interpro (PR00868;PF00476;SM00482)
blastp DNA polymerase A-family (L. major) 127 6,E-28
20_13674–13985 CAATATGGAGGTGATCCAGTG . . .TGA 63,1 75,0 103 9.9
21_14042–15091 ACGAGAGAGAGACCACGCATG . . .TAA 63,8 81,7 349 5.6 interpro (PS00017)
22_15091–16032 GGCGGTGCCGCAGGTCTAATG . . .TGA 62,3 82,2 313 5.5 pfam 5 3 exonuclease [T5]
23_16022–16462 AGCGGAGGGAGCAAGACTATG . . .TGA 61,0 83,0 146 9.6 interpro endonuclease-7 (PF02945)
blastp endonuclease VII [T4] 43 0.001
24_16459–17505 GCACAACGCGAGGAACGTATG . . .TAA 61,8 89,4 348 9.2
25_17515–17883 AGCAACTAAGGAGGTCCTATG . . .TGA 61,5 79,7 122 5.7
26_18035–20485 GAAGCGATAGGAGACGGAATG . . .TGA 62,7 79,7 816 6.7 interpro DNA dep. RNA polymerase [T7]
(PF00940)
blastp RNA polymerase [T7] 253 5,E-66
27_20646–20897 ATTAAGACCAGCCGACCTGTG . . .TAA 58,3 69,3 83 10.2
28_20897–21370 CGCAGTGGAGTTGCGCTAATG . . .TGA 60,5 70,9 157 6.4
29_21315–21611 ACCGGAGAGCCAAGCCTTATG . . .TGA 59,6 66,7 98 9.6
30_21623–23155 CTACTGACGAGGTACGCCATG . . .TGA 62,6 79,6 510 5.0 blastp head-tail connector protein [T7] 165 8,E-40
31_23159–24127 CTCGCAGGAGTCTGATAGATG . . .TAA 64,8 70,6 322 5.4 interpro proline rich region (PS50092;
PR01217)
32_24180–25187 CAAAAGAGAGAGAATCGCATG . . .TGA 62,8 85,7 335 5.7 exper. CAPSID PROTEIN (protein
sequencing)
33_25284–25838 CGCTTTAGGAGAAACCCTATG . . .TGA 62,0 78,9 184 6.5 blastp tail tubular protein A [T3] 47 1,E-04
blastp tail tubular protein A [T7]
34_25841–28321 CAGCTTGAGGACCTGAGTATG . . .TGA 62,0 82,1 826 6.1 blastp tail tubular protein B [T7] 128 2,E-28
35_28321–28866 AACCTACAGGAGGGTGTGATG . . .TGA 63,7 78,6 181 8.9
36_28866–31562 GCCTAAAGGAGGCAACTGATG . . .TAA 63,0 81,9 898 5.2 blastp Lysozyme (E.C.3.2.1.17) [T4] 57 1,E-06
37_31566–35579 GCAACAGCGGAGTAAGACATG . . .TAA 64,8 78,7 1337 6.4
38_35581–36336 CCATCAAAGGGGAATAACGTG . . .TAA 61,4 83,3 251 4.5
39_36336–36776 GGCGATGGAGGACGACTAATG . . .TAG 55,1 70,1 146 6.3
40_36766–37644 TCATAGAGGGCAAAGTTTATG . . .TGA 60,6 75,1 292 7.0
41_37839–38231 ACACCTGAGAAAGAGCGAGTG . . .TAA 56,3 69,2 130 4.9
42_38231–38536 GTTCCGAGGGAGAATGTAATG . . .TAA 60,5 85,3 101 4.8
43_38546–40351 ACCCACTAAGGAGGCAGCATG . . .TGA 62,6 81,2 601 7.6 blastp DNA maturase B (packaging) [T7] 263 4,E-69
44_40351–40548 CCCAAAAGGACGAAGACTATG . . .TGA 62,6 80,3 66 8.9
45_40545–41027 TCGCCGGAGATTCAAGAAGTG . . .TAG 61,5 83,2 160 9.1 blastp lysozyme [-Ealh] 89 2,E-17
pfam phage lysozyme [T4]
interpro PF00959
46_40985–41314 CAACGCGGAGATCAAGCAATG . . .TGA 66,1 77,6 109 9.9
47_41404–41718 TGAATCAAGGAGATTGACATG . . .TGA 67,0 83,8 104 4.9
48_41768–41962 AACACGAGGAACTGAACCATG . . .TAG 62,6 76,9 64 5.2
a aa, amino acids; pI, isoelectric point.
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The majority of these have an AUG as initiation codon,
while 7 start with GUG. All predicted ORFs are located on
the sense strand of the genome and are tightly organized
with little space between the genes. However, 7 intergenic
regions, ranging from 366 to 1521 bp, have no apparent
protein coding function. Glimmer predicted 4 ORFs on the
complementary strand, which did not correspond to any of
the other ORF-defining algorithms.
Codon usage and tRNA prediction
There is a good correspondence in codon usage between
both organisms. Over half of the codons showed no signif-
icant difference in usage between KMV and its host, while
the other showed small differences. Moreover, the dominant
codon for each amino acid was identical in KMV and in P.
aeruginosa. No potential tRNA coding regions were found
in the phage genome.
Putative regulatory elements
A potential promoter sequence (Table 3A), identified by
the BDGP prokaryotic promoter prediction program, was
present four times in a 1500-bp region devoid of ORFs,
situated in front of the presumed class I genes (see below).
Analogous to the three E. coli promoters of phage T7, these
four promoters may be recognized by a host RNA polymer-
ase.
Based on the premise that promoter elements can be
described as consensus sequences, we analyzed the genome
for the presence of multimers of similar sequence. In an
algorithmic fashion, all 20-mer sequences in the genome
were compared to one another to sort out any set that might
represent a unique consensus. Such procedure, when ap-
plied to the T7 genome, yields a set of 20-mers that per-
fectly match the positions of the known T7 phage promot-
ers. For KMV, a single set was found, consisting of 24
members, yielding the consensus sequence shown in Table
3B. However, the location of these sequences in predicted
ORFs may indicate that they are unlikely promoters. Align-
ment of 200-bp regions 5 from the start of each ORF
revealed a putative consensus KMV promoter sequence,
which is present three times in intergenic regions through-
out the genome (Table 3C).
In bacteria and bacteriophages, termination of transcrip-
tion occurs in a factor-dependent or independent manner
Fig. 2. Overview of the KMV genome sequence analysis. Predicted open
reading frames (ORFs) (cfr. Table 2) presented as numbered and arranged
according to reading frame (top to bottom, frames1,2, and3). ORFs
with significant homology to known genes and to the identified proteins are
in dark blue, ORFs with a functional indication in light blue. Putative
genome organization. Indicated are putative promoters (3), terminators
(), and overrepresented 20 mers with an 80% homology (red bars),
indicating putative promoters. A presumed origin of replication (ORI),
consisting of a 152-bp AT-rich region, is situated in the intergenic region
behind the RNA polymerase coding gene. Predicted and presumed (be-
tween brackets) proteins and corresponding ORF number are marked.
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(d’Aubenton et al., 1990). Three possible KMV factor-
independent terminators (T1, 2, and 3) were found by
scanning the genome for relevant palindromic structures
(Table 3D). Palindromic sequences of at least 14 bp with a
high GC content within their stem-loop and followed by a
U-rich tract were selected and subsequently folded by the
Mfold program (SantaLucia, 1998). Structures with esti-
mated free energy values of at most 7 kcal/mol were
selected as probable factor-independent terminators. None
of the resulting three structures showed an overlap with the
predicted ORFs. Localization of the T2 terminator down-
stream from the capsid protein and upstream of the putative
tail proteins (Fig. 2) may indicate less than 100% termina-
tion efficiency, analogous to the organization of expression
in T7.
Protein identification and organization of the KMV
genome
Similarity between KMV gene products and other
proteins
From forty-eight predicted gene products (gp) ranging
from 64 to 1337 amino acid residues, 11 show significant
homology to proteins of known function. For seven other
proteins, we can speculate the functions based on experi-
mental and in silico analysis (Fig. 2). Proteins based on
similarity (BLAST, FASTA) and domain searches are listed
in Table 2.
Internal protein alignment revealed no similarity among
KMV proteins. A total of six ORFs (gp8, gp10–gp12,
gp14, and gp44) may contain transmembrane domains. No
putative KMV-encoded proteins were found to have sim-
ilarities either to P. aeruginosa proteins or to possible pro-
karyotic toxins and eukaryotic proteins.
Genome arrangement and comparison to the T7 genome
The T7-type genome organization has already been de-
scribed for phages of Citrobacter, Klebsiella, Serratia, and
P. putida. In these phages many of the major proteins share
similarities at the amino acid level (Korsten et al., 1979).
The genes of T7 can be tentatively classified into three
classes of clusters, going from early (class I), over a gene
cluster dealing with DNA metabolism (class II) to a third
group (class III) containing structural proteins of virion,
helpers for assembly, and responsible for host lysis. Since
protein similarity searches (see below) reveal a strong cor-
respondence between bacteriophage T7 and KMV and a
gene clustering analogous to T7 is observed, a similar
genomic organization is suggested. One exception is the
localization of the putative DNA-dependent RNA polymer-
Table 3
Putative regulatory elements in the KMV genome
Promoter/terminator predictions in the KMV genome
A.
35 10
897_942 agggtattgacacgtgggcggcaggtctgtagagttcgccctgtc
976_1021 acagggttgacacactaccaaggcatcggtagagtacgcagccag
1130_1175 aggggactgacacggtgcagggcacgcggtacagttcgcaccact
1231_1276 agaggattgacaagacaagcgcaagtctctaacatgcgcagcaag
70 E. coli TTGACA TAATAT
B.
C G C T G G C C G A G G C C G A G C T G G
33 33 46 29 29 42 38 46 46 46 33 46 33 33 38 38 54 58 92 54 92 50 71 71 42 63 92 67 75 63 75 50 75 71 38 67 63 29 38 33 29 38 33 29 42 38 33 38 46 33
C S C W G R C C S W G S C Y G W G S W G G
54 92 92 79 92 83 71 71 75 79 92 96 75 96 75 78 79 96 71 67 63
C.
13 AGTGTGCTGACGTACCTGCTCGTCTAAGCGACTGGGGCCTACTCCGGGGTCAAATCCG...224bp... GAGGGAGATCGAAGATG
21 GTCTTCAAGACGCTGCCGAACGCCT-GACGACCCTTCCCTACTCCGGCCTTAAATCTTCATCCGACACGAGAGAGAGACCACGCATG
32 AAGGCAGGTATGGCGCAGGGTATCTAA-CGACCCTGCCCTACTCCGGCCTTAAACTCACATCCAA----AGAGAGAGA-ATCGCATG
D.
T15087_5110 ggcccggccctccgggcctattgc dG  15, 1 kcal/mol
T225236_25265 cccgcgcagattccctgcgtgggtttttgc dG  17, 0 kcal/mol
T341960_42018 agtagttcaagccgagcacctgcatagtcgggtgctccactggaactactggaattttt dG  27, 2 kcal/mol
A: Alignment of promoter sequences as derived from the BDGP prokaryotic-based neural network promoter prediction program.
B: Sequence alignment of the upstream regions of open reading frames (ORFs) 13, 21, and 32 obtained by comparison of the 200-bp regions upstream
of each ORF. Initiation codons are underlined, Shine-Dalgarno sequences are in boldface, while putative promoter sequences are shaded.
C: Summary of an analysis of all genomic 20-mers (see text for details). A total of 24 regions align as a consensus sequence of 21 nucleotides (in boldface)
flanked by more random sequences. The identity of the most abundant nucleotide at each position in the core is shown, while flanking nucleotides are
represented by dashes (since different nucleotides may be present with the same frequency). Abundances are given as percentages. If abundance values in
the consensus are increased above 70% by a second nucleotide, degeneracies are introduced in the core sequence as shown underneath, together with
percentages as covered by the 24 regions.
D: Terminator predictions (T1, 2, and 3): nucleotides involved in the base-pairing of stem-loop structures are underlined. Free energy levels (G) are
given.
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ase of KMV, which is located among the DNA metabo-
lism genes, rather than in the early region. In phage T7,
however, it has been shown that burst size is insensitive to
the position of the T7 RNA polymerase gene; T7 genomes
containing an ectopic gene 1 in the middle or late regions
produce a near wild-type burst (Endy et al., 2000).
Properties of the identified KMV proteins
RNA polymerase (RNAP)
Alignment of the identified KMV RNAP and the ho-
mologous SP6 and T7 DNA dependent RNAPs (Stahl and
Zinn, 1981; Moffatt et al., 1984) is shown in Fig. 3. The T7
RNAP structure and subdomains have been solved at atomic
resolution (Sousa et al., 1993) (Jeruzalmi and Steitz, 1998;
Cheetham and Steitz, 1999; Cheetham et al., 1999). Con-
servation at amino acid level of the different discernable
subdomains between T7 RNAP and KMV RNAP at first
glance indicates a similar working mechanism. All the es-
sential domains, like typical phage RNAP domains
(PS00900 and PS00489), are well conserved, including res-
idues Asp537 and Asp812, which are both directly involved
in catalysis by interaction with the Mg2 ions (Bonner et al.,
1992). The KMV RNAP finger domain contains the con-
served Lys631 and Tyr639, important catalytic residues in
proximity of the active site (Sousa et al., 1993). The debated
(Cheetham et al., 1999; Brieba et al., 2002) His784 residue
is also conserved in the KMV RNAP. However, the AT-
rich recognition loop (in N-terminal domain) and the spec-
ificity loop, both responsible for RNAP-DNA promoter
interaction, show significant differences. The discrimination
mechanism for 3-OH groups is conserved in molecular
evolution (Tabor and Richardson, 1995). This is shown by
the conservation of the T7 Met-635 and the relative conser-
vation of the T7 Phe-644 and Phe-667 (which in KMV are
Phe-605 and Tyr-630, respectively). However, the presence
of Tyr at position 630 may hint at a higher affinity of the
KMV RNAP for the 3moiety of the rNTPs, relative to the
Fig. 3. Comparison of the KMV, SP6, and T7 RNA polymerases. Sequence alignment generated by ClustalW. Lines superposed over the alignment show
the major features obtained experimentally for T7 RNA polymerase (RNAP). Residues shown in boldface are the highly conserved amino acid residues within
known RNA polymerases. Highlighted residues indicate functionally important residues in T7 RNAP.
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T7 enzyme (Izawa et al., 1998). Phylogenetic distances
associated to the ClustalW alignments between RNAP from
the phages SP6, Ye03-12, T3, T7 K11, KMV, and
RNAP from S. cerevisiae, S. pombe, A. thaliana, and H.
sapiens indeed clusters the Enterobacteriaceae-infecting
phages together, while KMV RNAP is evolutionary more
distant and shows a closer phylogenetic relationship to SP6
RNAP (Fig. 4).
The use of phage-derived proteins in biotechnological
research is widespread. T7 RNAP is one of those proteins.
Since KMV RNAP transcribes sequences with an average
of 62.3% GC content, more versatile application in tran-
scription remains a possibility, especially considering that
the T7 RNAP is derived from a phage genome of 48.4%
GC.
Gene products related to DNA replication/interaction
The key factors of the KMV DNA replication system
as well as some interesting DNA interacting proteins were
also identified. These include a DNA polymerase (A family)
homologous to the 1.3 gene of T7 and an ATP-dependent
DNA ligase. The ATP-interacting region is relatively well
conserved in the two proteins.
Homology to endonuclease VII of bacteriophage T4 and
other organisms is present in gp23 (146 residues). The T4
endonuclease was the first enzyme shown to resolve Holli-
day junctions and to recognize a broad spectrum of DNA
substrates ranging from branched DNAs to single-base mis-
matches (Raaijmakers et al., 1999). Secondary structure
prediction programs suggest for gp23 a structure completely
lacking -sheets, analogous to the T4 endonuclease, as well
as an identical zinc interaction domain.
The prediction of Pfam-domain signatures in gp12, gp15,
and gp22 is not very strong. However, the predicted DNA
polymerase A domain (exp.  0.001) of gp12 shows ho-
mology only in the DNA-binding region, indicating that this
269-residue-long protein may have DNA-binding proper-
ties. Other predicted Pfam domains include a DNA-B-like
helicase in gp15 (397 residues; exp.  le-03) and a 5-3
exonuclease domain in gp22 (313 residues; 6e-03 compared
to T7).
All the identified DNA replication-assisting proteins are
situated in close proximity to one another and experimental
protein-protein interaction studies may reveal other proteins
of this region that are functionally relevant to the DNA
replication.
Virion structure and gene products related to virus
assembly
Analogous to the T7 genome, predicted structural pro-
teins occupy cluster III of the KMV genome. The classi-
fication of KMV as a member of the Podoviridae family
alongside other short-tailed phages is reflected by the sim-
ilarity shown by gp33 and gp34 to T7 tail tubular protein A
and T3 tail tubular protein B, respectively. Also, KMV
gp30 of 510 residues has a relatively strong similarity to the
head-tail connector protein of T7 (gp8, exp.  8e-40).
At first glance, the absence of similarity of major KMV
capsid protein to any protein of known bacteriophages or
database seems unexpected, although sequences that are not
contiguous may escape similarity searches as described by
Wikoff et al. (2000) The major capsid protein was identified
as a 30-kDa protein by Sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis (SDS-PAGE) and sequenced by
using by Edman method. The N-terminal sequence was
identified as Ser-Phe-Leu-Asn-Asp-Leu-Thr. This sequence
is identical to the N-terminus of the predicted gp32, located
upstream of the two predicted tail tubular proteins, gp33 and
gp34, which is identical to T7 phage at the genome orga-
nizational level. Interestingly, gp32 contains no known ri-
bosomal slippage sites, which is a typical feature for capsid
protein genes of T7 and T3 phages where a TTTT and a
CCCAAA sequence, respectively, induce a 1 ribosomal
shift during translation (Condron et al., 1991).
Another protein that probably is involved in the KMV
assembly is gp31. This protein (322 residues) is a potential
scaffolding protein consisting for a large part of Ala
(19.6%), Pro (12.4%), and Asp (10.2%). PFSCAN (ISREC)
identifies PROSITE patterns PS50099 and PS50310, defin-
ing a Pro-rich region (from 10 to 121 residues; exp. 
3.8e-07) and an Ala-rich region (from 212 to 288 residues;
exp.  9.4e-03).
A tail fiber protein could not be identified by BLAST
similarity search; however, weak similarity of the gp38
protein was found to the tail fiber protein of T7 by using
FASTA (gap open 8; ktup 1; BLOSUM50). In phage T4
it has been shown that structural proteins can be coded as
fusion proteins to lysozymes (Kanamaru et al., 2002). As
Fig. 4. Phylogenetic relationship between selected RNA polymerase sequences spanning the evolutionary tree. Besides the phage polymerases, a single
polymerase of each phylogenetic kingdom is included to mark the distances to cellular polymerases.
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described in the next section, gp36 contains a lysozyme
domain, which is probably part of a structural protein.
Given the size of gp37 (1337AA) and its genomic location,
it is possible this protein is an internal virion protein.
The strong protein homology of gp43 to the DNA matu-
rase B proteins of T7 (exp.  4e-69), T3 (3e-65), and
phYe03-12 (3e-65) leaves little doubt about the functional-
ity of this 601-residue protein.
Lysozymes
Most dsDNA phages require the combination of a holin
and an endolysin to achieve host lysis. The disruption of the
cell membrane is based on peptidoglycan degradation by a
phage-encoded muralytic enzyme or endolysin after perme-
abilization and destabilization of the membrane by a holin,
a small membrane protein (Young, 1992; Young and Blasi,
1995). The adjacent genomic location of an endolysin
(gp45) gene and a holin (gp44) gene as found in KMV is
quite common in many phages, though notably not in T7.
We found two potential endolysins and one holin coded
within the KMV genome. The muraminidase activity, nec-
essary in conjunction with the holin, seems present in the
gp45 protein. The prediction shows existence of a phage-
related glycoside hydrolase domain, usually associated with
breakdown of the peptidoglycan layer (Table 2). The in
silico prediction of a periplasmatic signal sequence was
unexpected, although the presence of signal sequences has
been reported in some cases (Loessner et al., 1997; Sa˜o-Jose´
et al., 2000). The other lysozyme domain is part of gp36, a
large protein of 826 residues, the C-terminus of which
shows homology to T4 phage lysozyme (gene e).
Gp44 does not show any homology to known proteins.
However, its small size (65 residues) and genome location
gives an indication that it may code for a holin (Wang et al.,
2000; Young et al., 2000). Comparison of gp44 to the T7,
T3, and Ye03-12 holins reveals the presence of two trans-
membrane domains, which is a hallmark for holins, because
their accumulation and oligomerization on the cell mem-
brane during the late-gene expression phase is essential for
a “clock”-based permeabilization of the membrane (Grun-
dling et al., 2001). Moreover, the genomic localization of
this gene, upstream from the predicted endolysin gene, and
presence of a high number of charged, polar residues in the
protein’s C-terminus are also consistent with known holins
(Wang et al., 2000). Despite the lack of sequence homology,
the KMV holin can be classified among the type II holins
of phages infecting Gram-negative bacteria, containing the
T7-type holin family.
Phage and genome fitness
Host range of KMV was analyzed by testing infection
of PA01-derived laboratory strains. Up to 70% of the strains
were lysed. No correlation could be observed between in-
fectivity and host genomic background. Randomly chosen
clinical strains isolated by the Bacteriological Laboratory of
the Sklifosowsky Institute of First Medical Aid, Moscow,
revealed high lytic activity in 10 of 25 analyzed strains
(Burkal’tseva, M.V., et al., unpublished data). This high
infectivity rate can only be explained by a good adaptation
of KMV to its host. An example of this is the absence of
many restriction recognition sites (data not shown) in the
KMV genome. Also, a good codon usage correlation be-
tween KMV and its host reveals a long history of inter-
action with P. aeruginosa. Lack of DNA similarity to other
T7-like phages (or any known organism) evolutionarily
separates KMV from the other members of the Podoviri-
dae. Electron microscopic pictures nonetheless reveal
KMV as a T7-like phage. The phage particle consists of an
icosahedral capsid, about 60 nm in diameter, and a short,
noncontractile tail of approximately 20 nm, while no tail
fibers are visible (Fig. 1).
Sequence analysis of the KMV genome reveals a sig-
nificant relationship to T7 at both protein topological and
similarity levels. It must, however, be noted that there exist
some notable differences between the KMV and T7 ge-
nomes. The “late” localization of the putative KMV
RNAP may indicate that internalization of the phage DNA
is not transcription driven and, when compared to the T7
genome, does not seem to impact the fitness of KMV. At
37°C, the minimal latent period of KMV is 12–13 min,
while lysis occurs between 15 and 20 min, yielding 25–30
phages per cell. Ten plaques are enough to cover an entire
Petri plate of 10 cm in diameter. Since KMV is a naturally
evolved phage, it would seem that the T7-like genome
organization is robust and allows significant change without
major effects on phage fitness. In this respect, the genomic
organization of the KMV genome confirms experiments
and computations performed by Endy et al. (2000) on T7,
which indicate that T7 development is qualitatively insen-
sitive to genome organization.
Materials and methods
Phage isolation and propagation
Phage KMV was isolated from a water sample, origi-
nating from a small pond in a Moscow suburban region (the
North Chertanovo pond), and was put into nutrient media
with P. aeruginosa (PA01) for overnight incubation at 37°C
(Burkal’tseva, M.V., et al., unpublished data). After centrif-
ugation of the grown culture and treatment with chloroform,
a drop was added to a plate with a fresh bacterial lawn.
Plates were then inspected for plaques (Sambrook et al.,
1989). P. aeruginosa strain PA01 was used as a host for
confluent bacterial lysis. Approximately 1  104 PFU
(plaque forming units) were mixed with 0.25 ml of mid-log
phase P. aeruginosa and 3 ml of LB top agar. This mixture
was plated on a 90-mm Petri dish containing LB bottom
agar (Difco Laboratories, Detroit, MI). Ten such plates were
prepared and incubated overnight at 37°C. Phage particles
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were collected by adding 3 ml of phage buffer (10 mM
Tris-HCl, pH 7.5, 10 mM MgSO4, 150 mM NaCl) to the
surface of each plate. The layer of the top agar was scraped,
and agar-containing suspension was collected. After a 3-h
slow stirring at 4°C, the mixture was centrifuged (5000  g
for 10 min). Phage was concentrated by centrifugation at
50,000  g for 30 min and subsequently by a layered CsCl
density gradient centrifugation (Sambrook et al., 1989). The
band with highest opalescence was collected and dialyzed
overnight against TAE buffer 50 mM, pH 7.5.
Genome sequencing
DNA from phage particles was isolated by phenol-chlo-
roform extraction. The highly purified DNA was sheared by
nebulization and subsequently fractionated by gel filtration.
Fractions with fragment sizes between 1 and 4.0 kb were
ligated into pUC18 under SmaI cleavage and electroporated
into E. coli Epicurian XL1-Blue MRF competent cells
(Stratagene, USA). From the subclones, plasmid DNA was
prepared using a Qiagen plasmid isolation kit (Qiagen,
Germany). All sequencing runs were done on ABI 373 and
377 sequencers using dye-terminator chemistry (Applied
Biosystems, USA). Seventeen clones were sequenced with
both M13 forward and reverse sequencing primers. Based
on these sequences, primer walking was used with 16-mer
oligonucleotide primers and pure KMV DNA as template
until all contigs assembled into a single sequence.
All regions have been sequenced on both strands, which
is a standard practice for sequencing (Voet et al., 1997). A
total of 330 runs with length varying from 450 to 750
nucleotides yielded over 200 Kbp, resulting in an approxi-
mate five-fold redundancy for the 42,519-bp genome.
Sequence analysis
The final KMV genome sequence was annotated for the
presence of ORFs and other structural elements (Table 2).
Promoter predictions were calculated by using the BDGP
prokaryotic-based neural network promoter prediction pro-
gram (Reese, 2001). Assignment of putative ORFs (150
bp) was done with the GeneMark HMM program
(Borodovsky and McIninch, 1993), Heuristic GeneMark for
prokaryotic gene prediction (Besemer and Borodovsky,
1999), and Glimmer 2.0 (probed on P. aeruginosa genome)
(Salzberg et al., 1998) with consecutive manual inspection
and verified by visual scoring using GC-frame plots and
correlation score graphs. The search for known proteins
homologous to the identified ORFs was done with FASTA
and BLAST programs (Altschul et al., 1997). Sequences
were analyzed against the following databases (Bairoch and
Apweiler, 2000; Apweiler et al., 2001): SWISS-PROT (Re-
lease 40.22 of 24 Jun 2002), TrEMBL (Release 21.0 of 21
Jun 2002) (together representing a total of 782,370 entries).
Multiple sequence alignments were performed by CLUST-
ALW, using default settings (Higgins et al., 1994). The
PROSITE (Falquet et al., 2002) and PFAM releases (Bate-
man et al., 2002) used were 17.15 and version 6.6, respec-
tively. A search for transmembrane helices was done by
using the TMHMM program (Moller et al., 2002). The
programs clustered by EMBOSS (Rice et al., 2000) were
run locally to identify direct, reverse, and palindromic re-
peat regions. A search for tRNA genes was done with the
tRNAscan-SE program (Lowe and Eddy, 1997) and FAS-
tRNA (el Mabrouk and Lisacek, 1996).
Amino-terminal sequencing of major structural protein
Phages were precipitated by CsCl centrifugation and
subsequently dialyzed against 50 mM Tris-HCl, 10 mM
MgCl2 (pH 7.5). The phage particles were frozen in liquid
nitrogen, thawed at 30°C for five times and treated with
DNase I (Sigma, USA), 0.5 g/ml for 30 min at 37°C to
destroy the viscous phage DNA. Proteins were separated by
8–20% gradient SDS-PAGE (Laemmli, 1970), blotted onto
immobilon P membrane (Millipore, USA), and stained with
Coomassie Blue R-250 according to the manufacturer’s
specifications. The major protein band was excised from the
membrane and subjected to N-terminal amino acid sequenc-
ing (Applied Biosystem model 491cZC Protein Sequencer
equipped with an Applied Biosystems 785A Programmable
Absorbance Detector and an ABI 140D Solvent Delivery
System).
Nucleotide sequence accession number
The KMV phage genome data has been deposited in
GenBank under the accession no. AJ505558.
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